The only RNase genes that have been cloned from higher plants are those expressed in species that are known to exhibit self-incompatibility, such as the S genes of Nicotiana alata. In this report, we investigated whether the expression of this particular type of RNase gene is restricted to self-incompatible species, or if similar genes are expressed in other plants. Using a polymerase chain reaction approach we have identified a set of three putative RNase genes in the self-compatible plant Arabidopsis thaliana (L.) Heynh. ecotype Columbia. These A. thaliana genes, designated RNS1, RNS2, and RNS3, do not cross-hybridize to each other, and their products are homologous to both the Sgene RNases of N. alata and a set of related fungal enzymes. The A. thaliana RNS1, RNS2, and RNS3 genes encode transcripts of 1.1, 1.3, and 1.1 kilobases, respectively, and of the three genes, RNS2 is the most highly expressed in whole plants. The identification of the RNS genes in a self-compatible species suggests that this class of RNases is of general significance in RNA catabolism in higher plants.
RNA catabolism is an important component of many cellular processes including, for example, the post-transcriptional regulation of gene expression through mRNA decay. However, little is known about the control of RNA degradation in any eukaryote. This is especially true in higher plants where, despite the biochemical characterization of numerous RNase activities (6, 18) , the only RNase genes that have been cloned are those coding for the style-specific products of the S genes, components of the self-incompatible response in species such as Nicotiana alata (2) .
The S genes had been cloned for some time before com- parison of deduced amino acid sequences (12) showed that their products were related to a group of fungal RNases consisting of RNase T2 ofAspergillus oryzae (10) , RNase Rh of Rhizopus niveus (8) , and RNase M of Aspergillus saitoi (9) . Style extracts and purified S-gene products of N. alata were shown to have RNase activity in vitro (12) , but the precise roles of the S-gene products, termed S-RNases (12) , in arresting the growth of incompatible pollen tubes remains unclear. One model is that the S-RNases produced in the style ' Supported by grants from the McKnight Foundation and the Department of Energy to P.J.G. enter incompatible pollen tubes and attack their rRNA, hence inhibiting their growth (7, 13) .
We are interested in identifying RNases that have fundamental roles in RNA catabolism in higher plants. This interest prompted us to ask whether the expression of RNases similar to the S-RNases is only associated with the self-incompatible response, or if related enzymes are also expressed in selfcompatible species. The latter would suggest that these RNases have more widespread functions in higher plants. Our approach was to use DNA primers, corresponding to amino acids conserved among fungal and S-RNases (12), for PCR2 amplification of an Arabidopsis thaliana (L.) Heynh. ecotype Columbia cDNA library.
Following PCR amplification of the A. thaliana cDNA library, we have identified three putative RNase genes, termed RNS 1, RNS2, and RNS3. These genes are all expressed in the self-compatible species A. thaliana, and their products are strikingly similar to the N. alata S-RNases and the fungal RNases typified by RNase T2. This suggests that RNases of this type may be expressed in many plant species, and therefore are likely to be involved in other aspects of RNA turnover beyond those associated with self-incompatibility.
MATERIALS AND METHODS cDNA Library
An Arabidopsis thaliana (L.) Heynh. ecotype Columbia cDNA library constructed from total green tissue using the Lambda Zap vector (Stratagene) was kindly provided by N.-H. Chua and A. Gasch. The library was 'zapped' into plasmid form (4) , and DNA representing 180,000 recombinants was amplified using PCR as described below.
PCR Cloning
The sequences of the primers used for PCR are shown in Figure 1 . Amplification of sequences in the library flanked by these primers was carried out using two (14) . Poly(A+) RNA was purified by oligo-dT-cellulose affinity chromatography as recommended by the supplier (Pharmacia). Poly(A+) and poly(A-) (the flow-through from the oligo-dT-cellulose column) RNAs were denatured and separated on formaldehyde/ agarose gels. Following transfer to BioTrace RP, the blots were treated as described above.
RESULTS AND DISCUSSION Amplification of Putative RNase Sequences
The primers for PCR amplification described above were designed to code for two of the longest stretches of amino acid homology among fungal and S-RNases (12) . These blocks of amino acid homology have subsequently been found in the S-gene products ofa number ofother plant species that exhibit self-incompatibility, including Petunia hybrida (3), Petunia inflata (1), and Solanum tuberosum (7), as well as in additional N. alata S alleles (1 1). In between these blocks of homology, McClure et al. (12) also noted a number of individual amino acid residues that were absolutely conserved among three SRNases (S2, S3, and S6) and two fungal RNases (T2 and Rh). The presence of these residues in the PCR products from A. thaliana would provide additional confirmation that the corresponding polypeptides were related to the aforementioned RNases.
When the primers described above were used to amplify hybridizing sequences from an A. thaliana cDNA library, the major PCR product was approximately 200 base pairs. This could encode some 67 amino acids, which was within the range of sizes expected for the region between the primers from the deduced amino acid sequences of the RNases discussed above. Figure 2 . In Figure 2 the amino acid residues that are absolutely conserved among the RNS gene products of A. thaliana and the S2, S3, S6, T2, and Rh RNases are boxed. These identical residues include the blocks of amino acid homology used for design of the PCR primers. Moreover, all of the residues between these blocks, that were shown to be completely conserved among the fungal and S-RNases in Figure 2 (12) , are also found in each of the three RNS clones. This strongly suggests that the RNS gene products are indeed RNases.
Relationship of the RNS Gene Products to
This argument is strengthened by the fact that two of the identical amino acids that fall within the regions covered by the PCR primers, His-and His-59 in Figure 2 , are known to be part of the active site of RNase T2 (10) and RNase M (9) . Two other amino acids that are identical among all the RNases shown in Figure 2 , Trp-38 and Pro-39, have been suggested to contribute to the base nonspecific character of RNase T2 (10) . Another residue that is identical in all the sequences in Figure 2 , Cys-16, has been found (in RNase T2) to form a disulfide bond with a Cys located just outside the region shown in Figure 2 (10) .
In addition to the identical amino acids, there is significant homology between the RNS gene products and the fungal and S-RNases throughout the cloned region. When the percentages of functionally identical amino acids are compared (Table I) , the homology between individual RNS sequences and the S-RNases is between 34 and 48%, while that between the RNS sequences and the fungal RNases ranges from 46 to 57%. The highest degree of homology (between 65 and 72%) is found when the individual RNS sequences are compared to each other. These extensive homologies are also reflected in hydrophobicity plots of this region of the RNases (data not shown).
Structure and Expression of the RNS Genes
Analysis of DNA sequence data showed that the percentages of identical nucleotides for the RNS genes of A. thaliana were 59% for RNS1 and RNS2, 57% for RNS1 and RNS3, and QNS QNSr RNS 61% for RNS2 and RNS3 (data not shown). This suggested that the RNS sequences would not cross-hybridize, which was confirmed by Southern analysis (Fig. 3) . As shown in Figure  3 , each RNS clone hybridizes to a unique set of restriction fragments in A. thaliana genomic DNA, indicating that RNS 1, RNS2, and RNS3 correspond to different genes. It is likely that the RNS genes are not members of large gene families because, with one exception, each clone hybridizes to a single band in genomic Southern analyses. The two bands in lanes 1 and 2 of Figure 3 are expected because of the presence of a site for the restriction endonuclease EcoRV within the cloned fragment of RNS 1. Analysis of poly(A+) RNA shows that each of the RNS genes of A. thaliana is expressed in above-ground tissue (Fig.  4) . The sizes of the RNS gene transcripts are similar to those shown for transcripts of the S genes of P. hybrida, i.e. 1100 bases for RNS1 and RNS3, and 1300 bases for RNS2, com- Table I . Amino Acid Homologies Among RNS Gene Products and Related RNases Deduced amino acid sequences were aligned as shown in Figure 2 , and the number of functionally identical amino acids for each pair of gene products was totaled. class includes the S-RNases of N. alata, and several fungal RNases. The expression ofthe RNS genes in a self-compatible plant strongly argues for a function of this class of RNases beyond their role in self-incompatibility, perhaps in stress related responses or senescence (6, 18) . It remains to be determined whether the expression patterns of the RNS genes are the same as those of the S genes and whether the corresponding enzymes share any common functions. The cloning of the RNS genes from A. thaliana should facilitate the characterization of their functions via antisense RNA techniques, or the use of insertional mutagenesis in the future (17) . Further studies on the temporal and spatial regulation of RNS gene expression in A. thaliana are in progress.
These approaches, in conjunction with a detailed biochemical study of the RNases of A. thaliana, will help to define the roles of the RNS gene products in RNA catabolism, and may also provide insight into the roles of related proteins in the self-incompatible response.
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We are grateful to Drs. Nam-Hai Chua and Alex Gasch for providing the A. thaliana cDNA library, and to Jim Dombrowski and Robin Steinman for "zapping' the library into plasmid form. We thank Dr. Natasha Raikhel and members of the Green laboratory for helpful comments on the manuscript. pared to 900 bases for the P. hybrid S allele 3A (3). These transcripts have the capacity to code for proteins of molecular mass up to 40 kD, which is within the size range of the major RNase activities recently identified in A. thaliana using a substrate-based gel assay (Y Yen, PJ Green, unpublished data). At present it is unknown whether the RNS gene products correspond to any of these RNases. Nevertheless, the expression of genes highly homologous to the S genes in the self-compatible species A. thaliana suggests that the corresponding RNases may be involved in more general aspects of RNA catabolism in higher plants.
Interestingly, expression levels for each of the three A. thaliana genes differ markedly in this tissue sample. The Northern blots with RNS1 and RNS3 probes had to be exposed several times longer than that with an RNS2 probe to produce signals of similar intensities (Fig. 4) . These data obtained using Poly(A+) RNA, and other experiments performed with total RNA (not shown) clearly indicate that RNS2 is the most highly expressed of the RNS genes. However, the relative transcript levels in the tissues analyzed in the northern blots do not correlate with the frequency with which the individual RNS clones were isolated by PCR amplification of the cDNA library (see above). This discrepancy may reflect differences in primer homology to each of the RNS cDNAs. Alternatively, it may be due to a difference between the tissue samples used for preparation of the cDNA library and those used to prepare the RNA for northern analysis.
Implications and Future Prospects
Our data indicate that the RNS gene products belong to a class of enzymes that have a homologous active site. This LITERATURE CITED
